We propose and discuss an experiment for the study of neutral gas phase nucleation on a molecular level using propane as the condensable gas. The experiment combines a uniform Laval expansion with soft mass spectrometric detection. The uniform Laval expansion allows nucleation experiments under welldefined conditions while the mass spectrometric detection provides molecularlevel information on the molecular aggregates formed. It is discussed how one could observe the onset of nucleation and retrieve the size of the critical nucleus from the mass spectra.
Introduction
Gas-liquid or gas-solid phase transitions play a pivotal role in atmospheric and technical processes. Examples include aerosol and cloud formation or the formation of water droplets in steam turbines, which can affect their performance (see [1] [2] [3] [4] [5] [6] and references therein). Despite the importance of gas phase nucleation its quantitative description is still an unsolved issue. Often, experimental and modelling results agree only qualitatively while their quantitative agreement can be very bad (see [1, 7] and references therein). In some cases, not even qualitative agreement can be reached. Theoretical models range from Classical Nucleation Theory (CNT) to semi-phenomenological models and molecular-level simulations using Monte-Carlo or Molecular Dynamics simulations [1, [8] [9] [10] . Cloud chambers, shock tubes, and supersonic expansions are among the most widely used experimental techniques to study neutral gas phase nucleation [1, 7, [11] [12] [13] [14] [15] [16] [17] [18] . In these experiments, nucleation rates are typically determined from measuring the formation rate of particles after nucleation or growth, and CNT is used to extract the critical cluster size from these aerosol particle formation rates. None of these methods directly observe the molecular properties (e. g. detailed sizes, chemical composition) of the ensemble of molecular aggregates (clusters) that are important for the actual nucleation step. This lack of molecular-level information on the nucleation step motivated the present work on neutral gas phase nucleation.
Gas phase nucleation can occur when an undersaturated ( < 1) gas is brought to supersaturation ( > 1). Under the simplest assumptions, the saturation ratio = / is defined as the ratio of the partial pressure of the condensable gas and its equilibrium vapour pressure under the given conditions [1] . Figure 1 illustrates schematically the Gibbs free energy change Δ CNT ( ) for the formation of a cluster with monomer units for the three cases < 1, > 1, and ≫ 1. For < 1, no phase transition can occur because Δ CNT ( ) monotonically increases with increasing . For > 1 and ≫ 1, the general idea is that nucleation is initiated by the formation of a cluster with a critical size c , which typically lies in the subnanometer to nanometer range. For clusters smaller than c , growth is kinetically hindered while for clusters larger than c growth occurs spontaneously. At the critical cluster size, the Gibbs free energy of formation reaches a maximum Δ * . Figure 1 also shows that c decreases with increasing supersaturation and that the barrier becomes lower and narrower. Because of the finite barrier in the Gibbs free energy nucleation might not be observed on the time scale of a certain experiment even if > 1. To describe this behavior, we use the term "subcritical conditions" for experimental conditions for which nucleation is not observed at > 1 in a certain experiment whereas "supercritical conditions" re-fer to experimental conditions for which nucleation and growth occur in the same experiment. (Note that there is no connection to the thermodynamic notion of supercritical.)
In the present study, we propose and discuss an experiment that could enable us to investigate neutral gas phase nucleation on a molecular level. The ultimate goal would be the observation of cluster size (number of monomers), cluster composition (for multi-component systems), and cluster abundance of the cluster ensembles that are formed during the transition from subcritical to supercritical conditions. The experimental setup combines a Laval nozzle for cluster formation with soft mass spectrometeric detection (Section 2). We use a pulsed Laval nozzle and match the background gas after the nozzle to ensure a uniform postnozzle flow, i. e. the temperature, the pressure (number density) and the gas velocity (Mach number) are constant in the postnozzle flow [19, 20] . The design is similar to that described in refs. [19] [20] [21] [22] . Uniform Laval expansions have been successfully used before for gas kinetic reaction studies because they allow one to investigate processes under well-defined conditions (thermal equilibrium and constant pressure) (see refs [19, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and references therein). As aptly described in [23] , a uniform postnozzle Laval expansion may be regarded as "a cold flow reactor without walls". To retrieve molecular-level information on the cluster ensemble, we use mass spectrometric detection. Mass spectra provide information on the number of molecules per cluster, its chemical composition and abundance. Two research groups have previously reported on the combination of Laval nozzles with mass spectrometric detection for gas phase reaction studies and dimerization studies [21, 25, 29, 31] . Our system differs from these setups in two important aspects [20, 32] . Firstly, the high ion extraction voltages we use ensure sensitive detection of cluster ions over a very wide cluster size range (up to many hundred thousand mass units) in the same mass spectrum. This is crucial for the simultaneous detection of clusters under sub-and supercritical conditions. Secondly, the clusters are ionized close to the lowest ionization threshold by single photons from a tunable Vacuum Ultraviolet (VUV) laser. For many compounds, threshold VUV ionization is a soft ionization method and thus minimizes fragmentation. This is even the case for weakly-bound molecular aggregates [33] [34] [35] [36] [37] [38] , which are the subject of the present investigation. Furthermore, the tunability of the VUV laser makes this ionization method broadly applicable to many compounds. We would also like to emphasize that we solely focus on nucleation of neutral molecules. Nucleation involving charged species is very different from neutral nucleation and is a subject of its own [3] . Methods that might be appropriate for charged or strongly-bound species, such as simple sampling from a static gas reservoir at ambient pressure into a mass spectrometer, cannot be applied to nucleation studies of neutral weakly-bound molecular aggregates. Because of the weak intermolecular interactions, the latter are very sensitive even to small changes in the conditions (temperature, pressure) so that these conditions must be well-controlled from the formation to the detection.
In the following, we report on our first steps towards the observation of gas phase nucleation at the molecular level. Using propane as a model system, we discuss the possibilities offered by the experimental approach described above to contribute to a better understanding of one of the important unsolved issues in the kinetics of phase transitions. Figure 2 shows a sketch of our experimental setup, which has been described in detail in reference [20] . Here, we only provide a brief summary. The stagnation volume of the Laval nozzle ( 0 and 0 are the stagnation pressure and temperature, respectively) is fed by two pulsed solenoid valves, which provide pulses of about 6 ms nominal duration. Note that the timescale for cluster formation is much shorter; i. e. typically in the microsecond regime [18] . Typically, 0 lies around 20-150 mbar and 0 corresponds to room temperature. The pulsed solenoid valves are connected to a gas reservoir (not shown) containing a mixture of propane (the condensable gas; Messer, 3.5) and argon gas (the carrier gas; Pangas, 5.0). is determined from and from the stagnation pressure 0 with the Rayleigh-Pitot formula [19, 20, 22] :
Experiment
(1) Figure 2 : Sketch of the experimental setup, which includes the Laval nozzle, the vacuum system, the VUV laser for ionization, and the mass spectrometric detection.
= is the ratio of the heat capacities at constant pressure and constant volume, respectively, of the sample gas (gas mixture). Once the Mach number is known, the flow temperature and the flow pressure are calculated from
assuming isentropic flow conditions. Finally, the number density of the gas in the uniform postnozzle flow is obtained from the ideal gas law. Typically, lies between 10 16 to 10 17 molecules/cm 3 . Figure 2 shows a sketch of the profiles of , , and the gas velocity (Mach number) as a function of the axial distance from the Laval nozzle entrance. (Measured profiles can be found in ref. [20] .) and decrease strongly in the first part inside the Laval nozzle ( < 1), become uniform at the nozzle exit, and stay uniform in the whole postnozzle flow region (grey-shaded area). , , and the gas velocity ( ) in the postnozzle region are constant and well-defined. Because of the large number of collisions inside the Laval nozzle thermal equilibrium is established in the postnozzle flow [19, 20, 22, 30] . It is these properties that make the uniform Laval flow so attractive for gas phase chemical kinetics studies (see refs. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and references therein) and that make it an attractive candidate for the study of gas phase nucleation. In the present work, we slightly increase the saturation ( Figure 1 ) and thus the nucleation rate either by increasing the partial pressure of propane (the condensable gas) at constant and or by decreasing at constant and (see Section 3.1). The cluster size distribution present in the postnozzle flow at a specific saturation is detected by soft ionization mass spectrometry [20] . For that purpose, the central part of the pulsed postnozzle flow is sampled by a skimmer and passes through the differential pumping chamber before it enters the ionization/detection chamber ( Figure 2 ). The molecular aggregates are ionized by single-photon ionization close to the lowest ionization threshold using a homebuilt, tunable VUV laser at energies between 6 and 18 eV. Single-photon threshold ionization is in general a soft ionization method even for the weakly-bound molecular aggregates studied here [33] [34] [35] [36] [37] [38] . The ions are mass separated using a Wiley-McLaren type time-of-flight (TOF) configuration, which has been optimized for better time-focusing compared with the recently described configuration in ref. [20] . Our mass spectrometer allows us to detect cluster size distributions over a very wide size range from the monomer to clusters of hundreds of thousands of mass units, which is a crucial prerequisite for nucleation studies. The detection of heavy aggregates with microchannel plate (MCP) detectors is a major issue, which we compensate by applying high voltages to the ion optics (> 20 kV) [20, 32] . Another issue concerns saturation effects in the mass spectra caused by strong monomer signals. To reduce such saturation effects, we installed a deflection plate in front of the detector, which we used to deflect the monomer so that it no longer hits the MCP. For further details on VUV ionization and the mass spectrometer, we refer the reader to ref. [20] .
Results and discussion

How to find the onset of nucleation?
The transition from subcritical to supercritical conditions (the onset of nucleation) can be observed in Laval expansions if the vapor of the condensable gas is supersaturated and if nucleation happens on the time-scale of the experiment (up to several hundred microseconds). Previous dimerization studies have shown that investigations of aggregation of molecules are feasible with Laval nozzles [28, 29, 31] . In this context, the nucleation process can be considered as a polymerization. Because of the time constraints of the experiment the onset of nucleation is expected to be observed only in a narrow temperature and pressure window, which depends on the type of condensable gas. Within this temperature and pressure range, minor changes in the temperature or the partial pressure of the condensable gas should allow one to tune the conditions from subcritical (nucleation does not yet occur) to supercritical (nucleation occurs). We have performed two types of experiments using propane as the condensable gas. In the first type of experiment, we systematically change the temperature in the uniform Laval expansion while keeping the partial pressure of the condensable gas and all other flow parameters constant. This is achieved by slightly modifying the carrier gas composition. For example, up to a few percent of argon carrier gas (major carrier gas) is replaced by nitrogen gas (minor carrier gas), which results typically in temperature changes of up to a few K. It is important to note here that minor modifications of the carrier gas composition do not change the collision conditions of the propane molecules because most of the collisions still occur with the major carrier gas. However, the temperature can only be varied in a narrow range (a few K) by this method because more pronounced changes also alter the other flow parameters. We can monitor these changes and the quality of the flow by impact pressure measurements as explained in Section 2. In the second type of experiment, the partial pressure of the condensable gas is systematically changed while keeping the temperature and all other flow parameters constant. Again, the partial pressure can only be varied in a narrow range (typically by a few percent) without affecting the flow conditions. Both types of experiments provide the same qualitative trends so that we restrict the following discussion to the second type of experiment.
To the best of our knowledge nucleation experiments in Laval nozzles using mass spectrometric detection have not been reported before. It is therefore not clear what kind of changes one expects to observe in the cluster mass spectra when nucleation happens. A major goal of the present work is to discuss this aspect and to evaluate it by comparison with first experimental data. As mentioned above, the time-scales of the different processes in relation to the time-scale of the experiment determines what is observed in the mass spectra. We begin the discussion with "case 1", for which we assume that the condensable gas is highly supersaturated so that nucleation and subsequent growth occur on the same time-scale as the cooling (thermalization) by collisions with the carrier gas. This means that nucleation and growth are already complete in the region inside the Laval noz- zle where the temperature and pressure become constant (see Figure 2 ). If growth is complete, one expects to observe a cluster mass distribution with a large average cluster size ⟨ ⟩ and typically a multimodal mass distribution. The multimodal feature has its origin in different competing growth processes, including for example growth from the gas phase and growth by coagulations. Furthermore, minor changes in (under otherwise constant conditions) are not expected to affect the cluster size distribution. Figure 3 confirms these expectations. It shows the mass spectrum for a mixture of 10% propane in argon carrier gas that was expanded in a Mach 5.7 nozzle ( = 26.9 K and = 0.18 mbar). The spectrum indeed shows the expected multimodal (bimodal indicated by the open circles) distribution. We found the same characteristics in the mass spectra for many other compounds whenever supersaturation was so high that nucleation and growth already took place during the thermalization in the nozzle (see examples in ref. [20] ). From these observations we conclude that multimodal distributions are a fairly general feature under such conditions.
More interesting for nucleation studies, however, is "case 2". It refers to conditions for which the time-scales of the nucleation and the experiment are such that the transition from subcritical to supercritical conditions can be induced by minor changes of the partial pressure (all other flow parameters are constant). Since such measurements have not been reported before we can only speculate on how the cluster mass spectrum is expected to change with changing propane partial pressure . To keep the discussion simple, we use the center value of the clus-
in each spectrum as the indicator for the onset of the nucleation ( min and max are the smallest and the largest cluster sizes detected, respectively). Equivalent results are obtained if the average cluster size ⟨ ⟩ is used instead. Figure 4 shows schematically how we expect M to change with Gas Phase Nucleation | 1773 Figure 4 : Sketch of the evolution of the center value of the cluster size distribution M as a function of the partial pressure of the condensable gas in the region where the onset of nucleation occurs. max denotes the maximum partial pressure up to which all expansion parameters ( , , and ) stay constant.
increasing partial pressure . We stress again that the overall change in must be small in order not to affect any of the other flow parameters. For low in Figure 4 , we assume that nucleation does not yet take place on the time-scale of the experiment. If we further assume that thermalization has been achieved and that all processes (cluster formation) except nucleation have reached local equilibrium one would expect to observe a cluster distribution that corresponds to the thermal cluster distribution at this partial pressure and this temperature. Under these conditions of metastable equilibrium, all significantly populated cluster sizes and M lie below the size of the critical nucleus c . As long as nucleation does not yet occur on the time-scale of the experiment, an increase in would only lead to a moderate increase in M . This behavior is indicated in Figure 4 by the first curve with a flat slope in the subcritical region. As soon as is high enough, nucleation can occur. This should lead to a more or less sudden increase in M , which is the point where supercritical conditions are reached indicated in Figure 4 as the "onset of nucleation". A further increase in should result in a much more pronounced increase in M than under subcritical conditions because under supercritical conditions clusters can grow unhindered. This behavior is indicated in Figure 4 by the steeper slope of the second curve above the onset of nucleation. Why does the onset of nucleation not correspond to an abrupt step in Figure 4 and why is the growth region under supercritical conditions not drawn with a much steeper slope? Whether nucleation leads to a smoother or a more abrupt change in M depends on the exact time-scales of the various processes involved. These time-scales also determine the shape and steepness of the two curves in Figure 4 . Depending on the type of system, the degree of saturation, and other competing processes, such as diffusion, one might observe curves with different slopes and shapes than the example curves in Figure 4 . Still, as a general qualitative fea-ture we expect to find two different curves with increasing propane concentration, which intersect at the onset of nucleation. And we expect the first curve to be less steep than the second one. The sketch in Figure 4 ends at a maximum pressure max indicating the maximum partial pressure at which all other flow parameters are still constant. Above this pressure, we assume that the flow conditions are no longer constant because the propane concentration becomes too high. This can cause the flow temperature to increase or the flow to become non-uniform.
How do the above expectations compare with experimental results? Figure 5 shows a series of mass spectra recorded for different propane partial pressures (propane concentration) but otherwise identical conditions. Note that for these spectra we reduced the ion signal and the detection sensitivity so that we could record the monomer and the clusters in the same mass spectrum avoiding pronounced saturation effects due to the monomer (see Section 2). As mentioned below, we also have recorded spectra at a sensitivity of about a factor of 30 higher than in Figure 5 (data not shown), which, however, required deflecting the monomer to reduce saturation effects. Below a propane concentration of 1.22%
only clusters up to about the trimer are visible in the spectra in Figure 5 . The first clusters with M ∼ 4 and max up to ∼ 8 are detected in the 1.22% and 1.33% spectra. At higher concentrations, M , max (line in Figure 5 ), and the clusters abundance increase pronouncedly up to about a concentration of ∼ 6%. Above this concentration, M , max , and the abundance of clusters decrease again. Figure 6 shows the corresponding evolution of M with increasing propane concentration. A comparison with Figure 4 suggests that the onset of nucleation happens around a propane concentration of ∼ 1.4%. The ion signals shown in Figure 5 for these lower concentrations are rather low so that the onset at ∼ 1.4% might be an artifact produced by the finite detection sensitivity of the ions. To check this, we have also recorded mass spectra at much higher ion sensitivity (see above), which indeed confirm the presence of clusters at ∼ 1.5% and the absence of cluster below ∼ 1%. The observed onset is apparently not an artifact due to finite detection sensitivity. We have also measured the flow temperature to ensure that the temperature is stable in the region where the onset occurs ( = 48 ± 0.7 K) and that the flow conditions are constant up to a propane concentration of ∼ 2%. Unstable flow conditions can also be excluded as a reason for the increase in M at a concentration of ∼ 1.4%. While we cannot provide a final proof at this point that the sudden increase in M at a concentration of ∼ 1.4% corresponds to the onset of nucleation, our current observations are at least consistent with this explanation. The second pronounced change in Figure 6 is the decrease in M above a concentration of ∼ 6% (see inset). Flow temperature measurements reveal that at these higher concentrations has increased by a few degrees to about 51 K. This indicates that concentrations above ∼ 6% correspond to values of that lie be- yond max in Figure 4 ; i. e. one reaches conditions under which the temperature and flow conditions are no longer constant. The observation that the clusters become smaller and finally disappear above ∼ 6% (Figs. 5 and 6) is consistent with what one would expect to happen when the temperature starts to increase and/or the uniformity of the flow starts to deteriorate.
How to get to the critical nucleus?
Even if the onset of nucleation is identified, it is not obvious how to extract the size of the critical nucleus c from the mass spectra. We suggest and discuss here two possible approaches. The first suggestion is to look simply at the maximum cluster size max in the region where the onset of nucleation happens. Under subcritical conditions, max must be smaller than c while under supercritical conditions max is larger than c . This allows one to determine a size range for c from two spectra recorded under subcritical and supercritical conditions, which both should lie close to where the onset is observed. If we assume that the onset of nucleation for the propane measurements in Figure 5 is at ∼ 1.4%, we can extract a size range for c from the values of max of the spectra recorded just below 1.4% (subcritical) and just above 1.4% (supercritical), respectively. From these spectra, one would predict c to lie somewhere between ∼ 8 and ∼ 33 molecules. If we simply take the average in this region we predict an c of ∼ 21 molecules. This approach has its disadvantages. An obvious disadvantage is the fact that one does not know how far away the max lie from c so that the range can be broad. Maybe less obvious are the limitations that arise from the detection sensitivity. The abun- dance of clusters with high masses is typically low as visible in the size distributions in Figure 5 so that one might underestimate the true size of max .
In the second approach, we first analyse the concentration dependence of the ion signal of each cluster size individually and determine for each cluster size its "appearance concentration" . The latter is the propane concentration at which the cluster with size appears for the first time. For cluster sizes below the critical size < c , should increase with increasing . As soon as the critical cluster size is reached, a range of cluster sizes with ≥ c should appear at about the same propane concentration because of the unhindered cluster growth above c . All these clusters should thus have about the same . The critical cluster size c can then be determined from ( ) as the smallest cluster size at which ( ) starts to plateau. Figure 7 shows the appearance concentration as a function of the cluster size for the spectra in Figure 5 . Up to a cluster size of about 20 molecules, increases with increasing and seems to plateau beyond this size. From this type of analysis, one would predict a critical size c of ∼ 20 molecules. For the data shown in Figure 7 , the trends in still lie within the experimental error. To evaluate the usefulness of this second approach to determine c we would need more accurate measurements. Some confidence can be drawn from the agreement of the values for c obtained with the two different independent approaches ( c ∼ 21 for the first and c ∼ 20 for the second). We have also used CNT to predict the size of the critical nucleus for the conditions in Figure 5 . Using extrapolations for the bulk vapor pressure and the surface tension for propane [1, 39, 40] , CNT predicts a value of c ∼ 5 molecules, which lies below the values we predict from our analysis. We would like to emphasize here that CNT is known to provide quantitatively incorrect results for many compounds as already mentioned in Section 1. We are not aware of any study that provides a comparison between experiment and CNT for propane so that we do not know how CNT performs for propane.
Conclusions
Can we observe gas phase nucleation at the molecular level? The present study suggests the combination of uniform Laval expansions and soft mass spectrometric detection as a promising experimental step towards this goal. We still need to evaluate the broader applicability of this approach to nucleation studies, which will require many further systematic investigations. For the example of propane, we have discussed how the onset of nucleation and the size of the critical cluster can be extracted from experimental mass spectra. In contrast to other nucleation studies, the mass spectrometric detection allows for the direct observation of the sizes and the chemical composition of the clusters that are involved in the nucleation step. The chemical composition is a determining factor in multi-component nucleation -an aspect that has not yet been investigated experimentally at the molecular level. Such molecular snapshots recorded during nucleation events should contribute to a better understanding of the origin of the large discrepancies that exist between experiment and theory. In this context one has to keep in mind that the actual molecular nucleation processes can be complicated and that various processes (diffusion, nucleation, growth) can compete with each other. It is thus not a priori clear whether simple concepts, such as the notion of a critical cluster size, provide an appropriate description.
